Increasing evidence indicates that stress potentiates pro-inflammatory response to a subsequent peripheral immune challenge. The present study investigated if prior exposure to inescapable tailshock (IS) delayed the recovery of surgery-induced spatial learning and memory impairment and prolonged hippocampus interleukin (IL)-1β and IL-6 expression. Methods: A total of 192 aged rats were trained with Morris water-maze (MWM) for 6 consecutive days. A single session of inescapable tailshock was performed on day 6 after training. Then, the rats subjected to partial hepatectomy. Hippocampal-dependent spatial learning and memory were assessed on postoperative days 1, 3 and 7. The cytokines IL-1β and IL-6 and ionized calcium binding adaptor protein (Iba)-1 were measured at each time point. Cluster of differentiation 200 (CD200) was also measured to explore potential mechanisms of glial cell activation. Results: Exposure of IS alone failed to affect the latency to platform and increase hippocampal cytokine levels at each time point. However, IS alone significantly increased the expression levels of Iba-1. A prolonged latency and additional significant increase in hippocampal levels of IL-1β and IL-6 were observed when partial hepatectomy was performed in aged rats exposed to IS 24 h later. The combination of IS and surgical trauma dramatically upregulated the levels of Iba-1 and significantly decreased the expression of CD200. Conclusion: IS alone failed to induce cognitive deficits and increase pro-inflammatory cytokines expression. However, IS delayed the recovery of surgery-induced spatial learning and memory impairment and prolonged pro-inflammatory response to the subsequent surgery challenge.
Introduction
Postoperative cognitive dysfunction (POCD) is a major complication in aged patients following various surgical procedures. Neuroinflammation has been suggested to play a prominent role in the pathophysiology of cognitive impairment (Caza et al., 2008; Hovens et al., 2015; Newman et al., 2007; Terrando et al., 2011) . The aging process itself is associated with enhanced neuroinflammatory processes involving microglial activation and production of pro-inflammatory cytokines (Godbout and Johnson, 2009; Norden and Godbout, 2013) . Furthermore, pro-inflammatory cytokines such as interleukin (IL)-1β (Cibelli et al., 2010) and tumor necrosis factor (TNF)-α inhibit hippocampal neuronal functions, including long term potentiation (LTP) and dendritic branching, which are involved in memory formation and maintenance (Ma et al., 2015; Perry et al., 2007; Tanaka et al., 2006) .
Stress has been implicated in the etiology of psychiatric disorders. Alterations in immune system function have been suggested to play a role in the pathophysiology of psychiatric conditions such as major depression and anxiety (Anisman and Merali, 2003; Marques et al., 2015) . Increasing evidence indicates that prior exposure to a single session of inescapable tailshock (IS) potentiates cognitive disturbance and brain pro-inflammatory cytokines response to a peripheral lipopolysaccharide (LPS) administered 24 h post-stress (Johnson et al., 2002; Johnson et al., 2004) . Interestingly, administration of a single dose of glucocorticoids (GCs) which mimics the GC response to IS also potentiates the sickness response to LPS (Fleshner et al., 1993; Frank et al., 2010; Hains et al., 2011) . All of these studies indicated that acute stress enhanced the response to a subsequent immune challenge.
Previous studies from our laboratory demonstrated that surgical trauma induced cognitive deficits and significant elevation of the pro-inflammatory cytokines such as IL-1β and TNF-α in aged rats (Cao et al., 2010) . The purpose of the current study was to investigate whether prior exposure to an acute session of IS sensitized hippocampal inflammatory responses to subsequent surgery challenge and whether the elevation of pro-inflammatory cytokines exacerbated cognitive deficits.
Results

IS sensitized memory deficits triggered by surgical trauma
To elucidate the effect of IS and surgical trauma on hippocampal dependent spatial learning and memory, a Morris watermaze (MWM) test was conducted. The swimming data showed improvement during 6 consecutive training days prior to IS or surgery ( Fig. 1A , P o0.01). Stress alone failed to significantly affect the latency to platform when compared to controls at each time point ( Fig. 2A , P 40.05). However, the combination of IS and surgery or surgery alone significantly impaired spatial learning and memory on postoperative days 1 and 3 ( Fig. 2A , P o0.05 and P o0.05, respectively). Furthermore, the Bonferroni analysis indicated that the combination of stress and partial hepatectomy resulted in a significant prolonged latency to platform when compared to the surgery group on postoperative day 3 ( Fig. 2A , P o0.05). Spatial learning and memory recovered on postoperative day 7. No significant differences in swimming speed between groups were observed ( Fig. 1B , P 40.05; Fig. 2B , P 40.05), suggesting that the poorer performance of rats was not a result of lack of motivation or reduced motor ability. Collectively, our results suggest that IS potentiates surgery-induced memory deficits.
IS sensitized surgery-induced inflammatory responses in the hippocampus
To investigate whether stress or surgical trauma altered proinflammatory cytokines expression, the levels of hippocampal proinflammatory cytokines were measured. Exposure of IS alone failed to increase hippocampal IL-1β expression at each time point (Fig. 3A , P 40.05). Both partial hepatectomy alone and its combination with IS significantly upregulated the levels of IL-1β on days 1, 3 post-surgery ( Fig. 3A , P o0.01 and P o0.01 respectively). An additional significant increase in hippocampal levels of IL-1β was observed when partial hepatectomy was performed in animals exposed to IS 24 h later (Fig. 3A , Po0.05), demonstrating that IS potentiates neuroinflammatory response following major surgery procedure. The pro-inflammatory cytokines returned to basal levels on day 7. Similar patterns were observed for IL-6 expression ( Fig. 3B , Po 0.01). Pearson's correlation revealed a significant correlation between latencies and hippocampal pro-inflammatory cytokine proteins, IL-1β (on postoperative day 1, r ¼0.883,P o 0.01; on postoperative day 3, r¼ 0.648; P o0.01) or IL-6 (on postoperative day 1, r¼ 0.885, P o0.01; on postoperative day 3, r¼0.725, Po 0.01).
IS increased the levels of plasma GCs 24 h prior to surgery procedure
Exposure to IS resulted in a significant increase in plasma GCs, which namely corticosterone (CORT) in the rats, compared to the non-stressed rats at 24 h after the termination of stress (Fig. 4 , Po 0.01). This increase in basal levels was evident at 24 h and 48 h after IS (Fig. 4 , Po0.05) and dissipated at 72 h (Fig. 4 , P 40.05).
2.4. IS upregulated ionized calcium binding adaptor protein (Iba)-1 expression in the hippocampus and had no influence on glial fibrillary acidic protein (GFAP) expression Iba-1, a microglia-specific calcium-binding protein, was a marker constitutively expressed by microglia. An increase in Iba-1 expression in the brain is associated with evidence of microglial activation. Compared to non-stressed rats, IS significantly increased Iba-1 expression at 24 h after the termination of IS ( Fig. 5A , A′, B, B′, E, P o0.05). Both surgery alone and its combination with IS significantly upregulated the levels of Iba-1 on postoperative day 1 (Fig. 5 . E, Po 0.01 and P o0.01, respectively).
Furthermore, an additional significant increase in expression levels of Iba-1 was observed on postoperative day 3 when surgery procedure was performed in stressed animals (Fig. 5C , C′, D, D′, E, Po 0.01), demonstrating that IS had a synergistic effect on the activation of microglia following major surgery procedure. The expression levels of Iba-1 returned to basal levels on postoperative day 7. To determine whether IS activates astrocytes, IS-induced GFAP expression was also measured. In the hippocampus, IS did not significantly modulate GFAP expression at 24 h post-IS exposure as compared to non-stressed rats (Fig. 6A , A′, B, B′, G, P40.05). Although both surgery alone and its combination with IS significantly upregulated the levels of GFAP on postoperative day 1 and day 3 (Fig. 6C , C′, D, D′, E, E′, F, F′, G, P o0.01), prior stressor exposure failed to increase GFAP expression compared to the animals that underwent surgery alone at any time point (Fig. 6G , P4 0.05).
IS downregulated hippocampus cluster of differentiation 200 (CD200) expression
To investigate potential mechanisms underlying IS-induced microglia activation, CD200 was measured. CD200 is a glycoprotein which is expressed on the surfaces of neurons and other cells. The interaction of CD200 with its receptor CD200R, which is . Hippocampal levels of IL-1β (A) and IL-6 (B) protein were measured by ELISA on days 1, 3, and 7 postoperatively. Surgery alone or IS plus surgery significantly upregulated the levels of pro-inflammatory cytokines on days 1, 3 post-surgery. An additional significant increase in hippocampal levels of IL-1β and IL-6 was observed in ISþ S group compared to the S group on postoperative day 3. Exposure of IS alone failed to upregulate hippocampal pro-inflammatory cytokines expression. Bars represent mean 7 SD. * P o 0.05 S group versus IS þS group, ** Po 0.01 S group versus IS þ S group, ## Po 0.01 versus C group. C: control; IS: inescapable tailshock; S: surgery; ISþ S: inescapable tailshock plus surgery. P1, P3 and P7: postoperative days 1, 3, and 7. Fig. 4 . The levels of GCs significantly increased in stressed animals compared to the non-stressed rats at 24 h after the termination of IS. Furthermore, the levels still upregulated at 48 h after the termination of IS and returned to the basal levels at 72 h after the termination of IS. expressed on cells of the myeloid lineage (including microglia) plays a significant role in maintaining microglia in a quiescent state. Therefore, a decrease in CD200 expression in the brain is associated with evidence of microglial activation. CD200 mRNA expression downregulated at 24 h after the termination of IS in stressed animals compared to the non-stressed animals ( Fig. 7 , P o0.05). Surgical trauma significantly decreased hippocampal CD200 levels in both stressed rats and non-stressed rats on postoperative day 1 (Fig. 7 , P o0.01 and Po0.01, respectively), and recovered on day 7. Furthermore, the combination of IS and surgical trauma dramatically decreased the expression level of CD200 compared to the animals which underwent surgery alone on postoperative day 3 ( Fig. 7 , P o0.01). These results indicated that IS-induced microglia activation may be mediated in part by downregulating hippocampal CD200 expression.
Discussion
Although the potential mechanism is not fully understood, inflammation has been shown to play a critical role in cognitive decline (Ownby, 2010) . The hippocampus, a major brain structure, which involved in learning and memory processing is more prone to the neuroinflammatory damage. Barrientos and colleagues found that microinjection of IL-1β into the dorsal hippocampus impaired the consolidation processes (Barrientos et al., 2002) . In our study, IS exposure delayed the recovery of surgery-induced spatial learning and memory impairment and prolonged inflammatory response to the subsequent surgery procedure. Furthermore, Pearson's correlation indicated significant correlation between the cognitive deficits and elevated levels of pro-inflammatory cytokines in the hippocampus.
Stress potentiates hippocampus cytokine responses to peripheral surgical trauma stimuli, suggesting that stress and subsequent surgical trauma challenge may induce neural processes that intersect at a shared neuroimmune substrate(s). Microglia is a primary immune effector cell in the central nervous system (CNS) and a major source of CNS pro-inflammatory cytokines. Iba-1 protein, a microglia marker, is detectable in both quiescent and active microglia of the hippocampal parenchyma (Frank et al., 2006; Norden et al., 2016) . IS increased the expression of Iba-1 protein, suggesting that stress shifted the neuroimmune microenvironment toward a pro-inflammatory immunophenotype (Frank et al., 2010; Weber et al., 2015) . Interestingly, microglia from stressed subjects failed to upregulate pro-inflammatory cytokines beyond basal levels. However, when further stimulated in "activated" or "primed" state either through a peripheral or central immune challenge, microglia over-express pro-inflammatory cytokines (i.e. IL-1β) (Cunningham et al., 2005) . Taken together, microglial priming may underlie stress-induced potentiation of CNS pro-inflammatory responses to subsequent peripheral immune activation. The mechanism(s) in which stressors activate microglia and lead to the production of inflammatory molecules remains unknown.
IS potentiates brain-derived pro-inflammatory mediators (i.e. IL-1β) by a subsequent peripheral immune challenge (Frank et al., 2012) . Of note, it was not possible to determine whether IS sensitized or primed peripheral and/or central pro-inflammatory cytokines in this study. The pro-inflammatory challenge (peripheral surgical trauma) was administered in vivo, and so sensitization of either the peripheral response that signals the brain or processes in the brain (or both) could have been causal. Substantial studies demonstrated that microglia isolated from stressed rat can potentiate microglial responses to subsequent immune challenge ex vivo by enhancing microglial reactivity through the upregulation of molecules such as major histocompatibility complex (MHC)-II (Fonken et al., 2016; Frank et al., 2007) . Taken together, IS may play an important role in sensitizing the activation of microglia to up-regulate the subsequent pro-inflammatory cytokines expression.
GCs is often taken as a hallmark of stress response. A recent study showed that exogenous GCs mimic stress-induced priming of neuroinflammatory (hippocampus) responses to pro-inflammatory challenges (Frank et al., 2010; Frank et al., 2014) . Interestingly, stress-induced microglia activation as well as sensitization of neuroinflammatory processes were blocked by GCs receptor antagonist (Espinosa-Oliva et al., 2011; Frank et al., 2010) , suggesting that GCs may mediate stressed-induced sensitization of neuroinflammatory processes. Although the increasing of GCs expression and the up-regulation of microglia activation were observed at 24 h after termination of the stressor, the potential mechanism that GCs prolong the surgery-induced neuroinflammatory responses has not been systematically investigated.
The timing of the relationship between stress exposure and inflammatory challenge is critical. A growing body of evidence demonstrated acute stress 24 h prior to LPS treatment potentiated LPS-induced neuroinflammatory response (Johnson et al., 2002) . By contrast, acute stress post-LPS exhibited an anti-inflammatory effect, including inhibition of LPS-induced inflammatory cytokines production (Frank et al., 2012) . Similarly, IS exposure prior to surgery procedure augmented neuroinflammatory response to peripheral surgery challenge. The timing of stress exposure relative to immune challenge plays a pivotal role in stress-induced sensitization of neuroinflammatory responses. IS following surgery may produce an opposite response, as has been shown with LPS. But in our current study, we simulated clinical phenomenon that the patient suffered major stress, such as a car accident and huge trauma, before undergoing surgery. Therefore, our study focused on IS exposure prior to surgery procedure. What exactly the effects of IS following surgery should be further investigated.
CD200 binding its receptor CD200R is thought to constitutively maintain glial cell in a quiescent state Yi et al., 2012) . The CNS parenchyma shows very low levels of basal MHC-II and Iba-1 (Ransohoff and Perry, 2009 ) as well as high-level expression of CD200 (Barclay et al., 2002) , indicating a quiescent immuno-phenotype of the normal brain microenvironment. IS significantly reduced the levels of CD200 mRNA, accompanied by an increase in Iba-1 24 h post-stress. Therefore, the reduced levels of CD200 indicated a stress-induced shift in the activation state of the neuroimmune microenvironment. IS-induced microglia activation may be mediated, in part, by IS-induced downregulation of CD200.
In summary, the current research demonstrated that surgical trauma disrupted hippocampal-dependent spatial learning and memory, which were accompanied by increased levels of pro-inflammatory cytokines in the hippocampus. IS delayed the recovery of surgery-induced cognitive deficits and prolonged pro-inflammatory response to the subsequent surgery challenge. Of note, our data suggested that exposure to an acute stressor shifted the neuroimmune microenvironment toward a microglial activation state that may sensitize the immune system, augmenting pro-inflammatory response to a subsequent surgery challenge.
Experimental procedure
Animals
Male Sprague-Dawley rats (18-20months) were individually housed with food and water available ad libitum. Colony conditions were maintained at 22-23°C on a 12 h light/dark cycle (lights on at 08:00 h). All animals were acclimatized to laboratory conditions for 7 days before being employed in experiments. The control group (C group) stayed in home cage. The IS group received IS on day 6 after training. The surgery group (S group) underwent partial hepatectomy under general anesthesia. The combination group (IS þS group) received IS and performed partial hepatectomy at 24 h after termination of stressor. All procedures were conducted according to the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals.
Experimental procedure
Rats were trained with MWM for 6 consecutive days. IS was performed on day 6 after training. The rats subjected to partial Fig. 7 . CD200 mRNA expression downregulated at 24 h after the termination of IS in stressed animals compared to the non-stressed animals. It also decreased on day 1 post-surgery in both S group and ISþ S group compared to controls and recovered to basal level on day 7 postoperatively. The combination of IS and surgery showed dramatically decreased on day 3 post-surgery compared to the animals had surgery alone. Bars represent mean 7 SD. hepatectomy as previous reported (Wuri et al., 2011) at 24 h poststress. Rats were sacrificed on postoperative days 1, 3, and 7 (n ¼48 per day) after reversal MWM tests. The hippocampus was harvested quickly under general anesthesia and stored at À 80°C for real-time polymerase chain reaction (PCR) and enzyme-linked immuno sorbent assay (ELISA) (n ¼6/group) at each time point. The remaining rats were perfused trans-cardially with ice-cold phosphate-buffered solution (PBS). Then, the brains were dissected and post-fixed in 4% paraformaldehyde overnight at 4°C for immunofluorescence (n¼ 6/group). The cardiac blood samplings were also collected in stressed and non-stressed animals at 24 h, 48 h and 72 h post-stress.
Morris water-maze
MWM, a hippocampal-dependent test of spatial learning and memory for rodents, was performed as previously described (Vorhees and Williams, 2006) . In all trials, rats were placed on the platform for 30 s and then randomly released into one of four separate quadrants (N, W, S and E) facing the wall of the pool. All rats were allowed to swim freely until they landed on the platform. If a rat failed to find the platform within 60 s, they were gently guided to the platform and remained for 30 s. Rats were trained with the platform in a fixed location for three trials per day for 6 consecutive days. Partial hepatectomy was performed 24 h post-stress. On postoperative days 1, 3, and 7, rats were subjected to a reversal test in which the platform was relocated to the opposite quadrant of the pool. The latency to the hidden platform was recorded by using a computer tracking system (HVS image, United Kingdom).
Inescapable tailshock
Rats either remained undisturbed in their home cages as controls or were placed in Plexiglas tubes (23.4 cm in length Â 7 cm in diameter) and exposed to 100 1.6 mA, 5 s tailshocks, with a trial interval of approximately 60 s. All IS treatments occurred between 08:00 and 11:00 h. After stressor termination, rats were returned to their home cages. Animals were performed partial hepatectomy 24 h after termination of the stressor.
ELISA
IL-1β and IL-6 protein levels were measured using an ELISA kit (R&D Systems, Minneapolis, MN). The hippocampus of each rat was weighed and homogenized with cold saline. Total protein was mechanically dissociated from tissue using an ultrasonic cell disruptor (Heat Systems, Farmingdale, NY). The sonicated samples were centrifuged (14,000 rpm for 10 min at 4°C) and supernatants were collected and stored at À20°C. Levels of these cytokines were calculated from a standard curve developed with specific optical density (OD) versus serial dilutions of known concentration.
Real-Time PCR
Total RNA was isolated from whole hippocampus with Trizol reagent (TaKaRa, Japan) according to the manufacturer's instructions. cDNA sequences were obtained from GenBank at NCBI (www.ncbi.nlm.nih.gov). Primer sequences (CD200: F primer: 5'-tgttccgctgattgttggc-3′, R primer: 5′-atggacacattacggttgcc-3′; GAPDH: F primer: 5'-gtttgtgatgggtgtgaacc-3′, R primer: 5′-tcttctgagtggcagtgatg-3′) were designed using the Operon Oligo Analysis Tool (http://www.operon.com/technical/toolkit.aspx) and tested for sequence specificity using the Basic Local Alignment Search Tool at NCBI. Primers were obtained from TaKaRa. PCR amplification of cDNA was performed using the SYBR Green PCR Kit (TaKaRa, Japan). Formation of PCR product was monitored using the MyiQ Single-Color Real-Time PCR Detection System (TaKaRa, Japan). Relative gene expression was determined by taking the expression ratio of the gene of interest to GAPDH.
Immunofluorescence
Immunofluorescence staining of the microglial marker Iba-1 and the astrocytic marker GFAP were performed using frozen brain samples of rats. After washing with PBS for 15 min, frozen sections of the hippocampus were incubated in blocking solution (5% BSA and 0.3% Triton X-100 in 0.01 M PBS) for 1h at room temperature. Then sections were incubated in primary antibodies (goat anti-Iba-1, 1:100, Abcam, Cambridge, UK; rabbit anti-GFAP, 1:200, Abcam, Cambridge, UK) overnight at 4°C. Samples were washed for three times and then incubated in the secondary antibodies labeled with fluorescent dyes (rabbit anti-goat , 1:200, Santa Cruz Biotechnology, CA; mouse anti-rabbit, 1:200, Santa Cruz Biotechnology, CA) for 2 h at room temperature. Through three washes of PBS, these sections were covered with mounting medium with 4′, 6-diamidino-2-phenylindole (DAPI, Sigma). As negative controls, a vicinal series of sections were processed using the same procedures without the primary antibodies. Quantification of photomicrographs was performed by converting images to grayscale, inverting their color and quantifying field staining intensity with Image J software.
Serum GCs concentration
Concentrations of GCs in serum were quantified using ELISA. Briefly, cardiac blood samples were centrifuged (3000 rpm for 10 min at 4°C) and stored frozen ( À 80°C) until assaying. CORT titers were assessed by using a competitive enzyme immunoassay kit, following the manufacturer's instructions (R&D Systems, Minneapolis, MN).
Statistical analysis
All data are presented as mean 7SD. Data from ELISA, Immunofluorescence and Real-Time PCR were analyzed under twoway analysis of variance (ANOVA) in which time and treatment were dependent variables. Training behavioral parameters were analyzed by repeated measures one-way ANOVA because training day was a within subjects measure. A separate two-way ANOVA examined the effects of time and treatment on working memory performance during reversal testing. Bonferroni post hoc test was employed when ANOVA showed significance. Pearson's correlation was applied to analyze the association between MWM parameters and pro-inflammatory cytokines. A P-value o0.05 was considered to be statistically significant.
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